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(S) Inclination angle sensing. 



(57) An elongate vessel (1), preferably cylindrical, 
is partially filled with a conductive and/or fer- 
romagnetic fluid (2). At least two coils (3) are 
wound on the vessel in longitudinally different 
regions so that tilting the vessel varies the 
amount of the fluid inside the coils differently. 
This affects their inductances. The variation in 
inductances is monitored, directly or indirectly, 
e.g. by applying an AC signal to the coils and 
monitoring the voltage drops across them. This 
provides an electrical output related to the incli- 
nation of the sensor's axis. It is unaffected by 
rotation about the axis. Thus the sensor can be 
used to monitor the orientation of the axis of a 
drilling tool, e.g. a mole (100), which rotates 
about its axis. 
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extreme condition in which alt the fluid is in the lower 
coil. 

With both coils in series, the same current flows 
through both, so that the volt-drop across each coil 
will vary with their relative impedances. As their resis- 
tance is nominally constant, the only significant vari- 
able is inductance with fluid content, as already de- 
scribed. With a conducting fluid such as mercury, the 
condition indicated in Fig. 2 results in minimum vol- 
tage across terminals B1-B2, maximum across termi- 
nals A1-A2. With the vessel horizontal, equal fluid 
content in each will result in equal sharing of the vol- 
tage, so that the level at Twill be half the supply. Fur- 
ther tilting to invert the vessel will result in the oppo- 
site extreme, the resulting characteristic output being 
as shown in the upper curve of Fig. 4, in which the raw 
a.c. level at T has been demodulated by conventional 
means to produce a d.c. voltage. The result is a small 
modulation of X% of the total supply. 

If the fluid is ferromagnetic, it will be appreciated 
that a similar result will ensue but with reversed direc- 
tion, i.e. the voltage across terminals B1-B2 in Fig. 2 
will be maximum in this extreme condition, and the re- 
sulting curve in Fig. 4 will start high at the origin. Eith- 
er type of fluid may therefore be used, with appropri- 
ate sensing of the direction of inclination. 

A method of using the same simple series con- 
nected coils to produce a signal of 100% modulation 
is shown in Fig. 3. Here the a.c. supply is derived from 
a push-pull oscillator fed from a centre- zero d.c. 
source with Ov ground. The a.c. outputs are Vosc and 
its invert Vosc relative to ground, i.e. of opposite 
phase sense to each other. The sensor tap T level is 
compared with the Ov ground, and will give a null out- 
put with horizontal equalisation of coil inductances. 
With tilt, there will be an increase in signal amplitude 
either in phase or in antiphase with the supply refer- 
ence, and this output can be synchronously demodu- 
lated by well known methods to produce a d.c. voltage 
which changes in amplitude with the a.c. level, but 
also in polarity with the a.c. phase. It can be seen that 
with the Fig. 2 connections the change in voltage lev- 
el resulting from amplitude modulation of the a.c. sup- 
ply by inclination will be a small percentage of the total 
voltage in the electronic circuit used to process the 
signal, while the Fig. 2 connections produce an output 
signal which is 100% modulated about ground level. 

Where maximum sensitivity to angular change is 
required, an alternative construction uses bifilar- 
wound pairs of identical coils of half the wire cross- 
section to fill the same space, connected to produce 
a differential output. Fig. 5 shows the circuit arrange- 
ment using the same oscillator as Fig. 3, although a 
single-ended a.c. supply Vs-Vo as Fig. 2 could also be 
used, because the differential output is isolated from 
supply. There are two pairs of series connected coils, 
each pair consisting of one coil from each of the bifi- 
I a r- wound pairs. One such series-connected pair is 



represented by A1-A2-B2-B1, with centre tap T1 at 
A2-B2. The second coils from the brf ilar-wound pairs 
are connected in series across the same supply, but 
with supply connections rearranged, A4-A3-B2-B4 

5 having centre tap T2 at A3-B3, and supply Vole being 
fed to coil B instead of coil A. The result is that when 
there is more mercury within coil B, tap T1 voltage is 
pulled in the direction of Vosc by the reduced induc- 
tance, while T2 voltage is similarly pulled towards 

10 Vosc. The voltage between T1 and T2 now gives a dif- 
ferential output of greater magnitude than in the sin- 
gle-coil arrangement, because it represents the sum 
of the outputs of, in effect, two sensors. Again, the 
horizontal equalising of fluid content gives a null, 

15 while tilt gives an increasing amplitude signal of in- 
phase or antiphase polarity with reference to the sup- 
ply frequency, but now floating with respect to the 
supply terminals. 

A completely different but well-known technique 

20 for measuring inductance change is to connect the in- 
ductance in series with a capacitor to form an oscil- 
lator circuit, of which the output frequency will vary in- 
versely with the square root of the inductance for a 
given capacitance value. By using the same capacitor 

25 for both, the relative inductances of two coils can be 
compared by switching them alternately into the 
same oscillator circuit The resulting frequencies can 
then be used as a measure of relative inductances of 
the coils. This technique lends itself well to digital 

30 methods of signal processing, and is shown in princi- 
ple in Fig. 6. 

In this case, the two coils L1 and L2 are alternate- 
ly connected via switch pairs S1a, S1 b and S2a, S2b 
to two capacitors C1, C2, an inverting amplifier A1 

35 and resistor R in an oscillator circuit. The frequency 
F out resulting from connection of either coil L1 or L2 
will then be a function of particular coil inductance. 
The ratio of these frequencies will be the ratio of the 
square roots of their inductances, and this ratio there- 

40 fore a function of inclination angle. The frequency ra- 
tio will be virtually independent of drift with tempera- 
ture of coil resistance and capacitance values, be- 
cause the same capacitors are used to resonate each 
coil, and coil resistance does not directly affect fre- 

45 quency. 

The alternative switching of the coils may be ac- 
complished using solid-state FET switches, integrat- 
ed CMOS analogue switches, diodes or any other 
technique familiar to those skilled in electronic circuit 

so design. The switch timing, frequency measuring and 
comparing, and resulting data processing are also ca- 
pable of accomplishment using numerous alternative 
methods. 

Whichever met hod or technique is used for induc- 
55 tance comparison, the basic sensor design embody- 
ing this invention can be of great simplicity, compris- 
ing a partly fluid-filled closed tube surrounded by two 
matched coils, the relative inductances of which are 
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compared, e.g. using known signal processing tech- 
niques. It is extremely sensitive to tilt, and its charac- 
teristics can be tailored by mechanical design to meet 
the system needs. These are typically high sensitivity 
and linearity over a range of plusVminus 20° or so from 5 
horizontal, with reduced sensitivity and linearity over 
greater angles. With applications to horizontal boring 
tools, tilt measurement accuracy independent of roll is 
a vital requirement which is easily met by this inven- 
tion. 10 

Fig. 7 is a schematic view of a mole, i.e. a self- 
propelled underground drilling device. It has an elon- 
gate body 100 which tends to rotate as it operates. For 
control, it is important to know the inclination of its 
longitudinal axis 102. Thus it is furnished with a sen- 15 
sor 104 embodying the present invention, the axis of 
the vessel 106 being parallel (and preferably coinci- 
dent) with the axis of the mole. Thus it can sense in- 
clination of the mole, unaffected by rotation of the 
mole about its axis. 20 



Claims 

1. An inclination angle sensor comprising: a linear 25 
elongate vessel(1); a fluent material(2) which 
only partly fills the vessel (1), the fluent material 
(2) being selected from electrically conductive flu- 
ent materials and ferromagnetic fluent materials; 
at least two coil means (3) wound around the ves- 30 
sel at respective regions thereof so that the in- 
ductance of each coil means is affected by the 
contents of a respective longitudinal region of 
said container; and monitoring means (4) for 
monitoring the inductances or related character- 35 
istics of the coil means (3) and deriving data re- 
lated to the inclination of the longitudinal axis of 
the vessel. 



the fluent material is ferromagnetic. 

8. A sensor according to any preceding claim where- 
in the monitoring means comprises means for ap- 
plying AC signals to the coil means and monitor- 
ing the variation in voltage drop across the coil 
means. 

9. A sensor according to any preceding claim where- 
in each coil means comprises a bif ilar-wound pair 
of coils connected to produce a differential out- 
put. 

10. A sensor according to any of claims 1-7 wherein 
the monitoring means comprises means for pro- 
viding respective oscillator circuits incorporating 
coil means, and means for monitoring the oscil- 
lation frequencies of the circuits. 

11. A drilling tool having a longitudinal axis of ad- 
vancement about which rotation occurs in use 
and having an inclination angle sensor according 
to any preceding claim mounted with the longitu- 
dinal axis of the vessel parallel to the longitudinal 
axis of advancement. 

12. A method of sensing the angle of inclination of an 
object comprising mounting a sensor according to 
any of claims 1-10 to the device in a predeter- 
mined orientation and operating the sensor to de- 
rive data related to the inclination of the axis of 
the vessel and hence to the inclination of the ob- 
ject 



2. A sensor according to claim 1 having at least two 
said coil means wound around the surface of the 
vessel at axially spaced regions. 



40 



A sensor according to claim 2 having two like coil 
means symmetrically disposed. 



45 



4. A sensor according to any preceding claim where- 
in the vessel is of cylindrical form. 



6. 



A sensor according to any preceding claim where- 
in the vessel is of non-conducting and non-mag- 
netic material. 

A sensor according to any preceding claim where- 
in the fluent material is a non-magnetic electrical 
conductor. 



50 



55 



7. A sensor according to any of claims 1-5 wherein 
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